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FOREWORD 
(Nontechnical  summary) 

The  hypothesis  that  the  hippocampal  theta  rhythm  (6-8  Hz)  is  related  to  move¬ 
ment  was  tested  by  recording  bioelectric  activity  from  the  hippocampus  and  cortex 
of  rats  while  they  were  running  at  various  speeds  on  a  treadmill.  The  results  indi¬ 
cate  that  the  theta  rhythm  is  directly  related  to  locomotor  activity  and  that  EEG 
frequencies  outside  the  theta  band  do  not  change  as  a  function  of  running  speed. 
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ABSTRACT 


To  test  the  hypothesis  that  hippocampal  theta  activity  is  related  to  movement, 
chronic  EEC  recording  electrodes  were  implanted  in  the  dorsal  hippocampus  and 
cortex  of  six  rats.  The  rats  were  then  forced  to  run  at  varying  speeds  on  a  tread¬ 
mill  while  their  brain  bioelectric  activity  was  being  recorded.  A  close  relationship 
appeared  between  amount  and  amplitude  of  hippocampal  theta  activity  and  speed  of 
running.  No  such  relationship  was  evident  in  cortical  activity.  Frequency  analysis 
by  means  of  a  Schmitt  trigger  and  electronic  filter  also  demonstrated  the  develop¬ 
ment  of  6-  to  8-Hz  (theta)  activity  in  the  hippocampus  with  running  but  no  corre¬ 
sponding  enhancement  of  10-  to  12-Hz  (nontheta)  activity. 
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I.  INTRODUCTION 


A  6-  to  8-Hz  (theta)  rhythm  often  becomes  a  prominent  feature  of  the  bioelectric 

activity  of  the  hippocampus  in  a  variety  of  species.  Conjectures  as  to  the  conditions 

under  which  this  theta  activity  arises  and  its  biological  significance  include  hypotheses 
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that  it  is  involved  in  learning  and  memory  consolidation,  orienting  responses,  ’  or 
movement.2,3,7,9'14  The  latter  hypothesis  is  especially  interesting  because  move¬ 
ment  of  the  experimental  subject  has  not  been  controlled  in  experiments  designed  to 
examine  other  hypotheses  concerned  with  the  significance  of  hippocampal  theta  activ¬ 
ity.4,  5  Previous  work  in  this  laboratory9  has  shown  that  hippocampal  bioelectric 
activity  becomes  synchronized  around  a  7- Hz  peak  and  its  amplitude  increases  rela¬ 
tive  to  inactive  periods  in  rats  trained  to  increase  their  activity  levels. 

To  establish  whether  the  particular  conditioning  procedure  or  the  movement  it¬ 
self  led  to  the  induction  of  theta  waves  in  the  hippocampus  of  trained  rats,  it  was 
necessary  to  induce  changes  in  locomotion  by  means  other  than  operant  conditioning 
based  upon  positive  reinforcement.  In  the  present  study,  rats  are  forced  to  run  at 
varying  speeds  on  a  treadmill  to  determine  relationships  between  speed  of  move¬ 
ment  and  changes  in  hippocampal  bioelectric  patterns. 

II.  METHODS  AND  MATERIALS 

Six  male  Sprague- Daw  ley  rats  weighing  250-370  grams  were  anesthetized  with 
sodium  pentobarbital  (50  mg/kg)  and  placed  in  a  Kopf  stereotaxic  instrument.  Twisted 
pair,  Teflon-insulated,  stainless  steel  wire  electrodes  were  implanted  in  the  dorsal 
hippocampus  (coordinates  2.  0  mm  behind  the  bregma,  2.  0  mm  lateral,  4.  5  mm  below 
the  skull  surface)  and  miniature,  gold-plated  Poke-Home  (Amphenol  Company)  pins 
placed  bilaterally  on  occipital  cortices. 
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After  allowing  1  week  for  recovery  from  surgery,  EEG  recording  leads  were 
attached  and  the  rats  placed  on  the  treadmill  illustrated  in  Figure  1.  The  bioelectric 
signals  were  amplified  differentially  by  Tektronix  FM122  units  with  a  band-pass 
setting  of  0.2-  50  Hz  and  recorded  on  both  a  Dynograph  paper  chart  recorder  and  on  a 
7-channel  Ampex  SP-300  tape  recorder.  A  graphic  time  code  was  also  recorded  on 
both  instruments.  Later,  the  signals  from  both  cortex  and  hippocampus  were  fed 
through  a  Krohn-Hite  3550-R  filter  set  at  band-passes  of  6-8  Hz  or  10-12  Hz.  At  the 
6-  to  8-Hz  setting,  half  power  points  were  5.4  Hz  and  9. 1  Hz,  at  the  10-  to  12-Hz 
setting,  half  power  points  were  8.5  Hz  and  14.3  Hz.  The  filter  output  was  then  passed 
through  a  Schmitt  trigger  set  to  fire  at  a  predetermined  voltage  level.  The  trigger 
outputs  were  recorded  on  a  cumulative  recorder.  The  threshold  firing  level  of  the 
Schmitt  trigger  was  different  for  cortical  and  hippocampal  signals  due  to  differences 
in  signal  amplitude  but  was  always  the  same  for  a  given  structure  in  a  given  rat. 

The  rats  were  initially  placed  on  the  treadmill  with  the  motor  off,  and  a  base¬ 
line  (Bl)  EEG  secured.  Next,  the  rat  was  placed  on  a  Plexiglas  sheet  suspended 
above  the  treadmill  belt  and  the  motor  turned  on.  This  served  as  a  control  for  pos¬ 
sible  artifacts  generated  by  the  motor.  The  Plexiglas  was  then  removed  and  the  rat 
was  forced  to  run  at  a  variety  of  speeds  ranging  from  1  to  22  cm/sec  for  about  5  min¬ 
utes  at  each  speed.  A  second  base  line  (B2)  was  obtained  with  the  motor  off  at  the  end 
of  each  day's  running  session.  At  least  3  days  of  running  sessions  were  obtained 
from  each  rat.  At  the  conclusion  of  the  experiment  the  rats  were  sacrificed,  perfused, 
and  the  brains  sectioned  to  confirm  the  location  of  electrodes.  A  representative  sec¬ 
tion  showing  the  location  of  the  hippocampal  electrode  is  shown  in  Figure  2. 
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Figure  1.  Rat  treadmill  and  control  box.  The  treadmill  is  placed  inside  a  screened 
Faraday  cage  (‘.op  not  on  in  this  view)  with  the  junction  box  for  EEG  record¬ 
ing  leads  seen  at  the  top  back.  The  motor  is  located  outside  the  cage  in  the 
back  and  is  connected  to  the  treadmill  by  a  plastic,  nonconducting  shaft. 


Figure  2. 

Representative  thionine- 
stained  section  showing 
location  of  electrode  tip 
in  the  dorsal  hippocampus 
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HI.  RESULTS 


As  soon  as  the  treadmill  was  turned  on,  the  hippocampal  EEG  showed  marked 
changes.  The  amplitude  of  the  EEG  increased  and  the  tracing  changed  from  asynchro¬ 
nous  activity  to  activity  synchronized  at  about  7  Hz.  The  cortex  did  not  show  such 
systematic  changes  in  frequency  or  amplitude.  This  phenomenon  is  clearly  illustrated 
in  Figure  3,  where  a  comparison  is  made  of  cortical  and  hippocampal  recordings 
obtained  from  a  rat  at  rest  (Bl,  B2)  and  while  running  at  various  speeds.  In  the  hip¬ 
pocampal  tracing,  note  that  there  is  little  change  from  base-line  to  motor  conditions. 
The  signals  are  of  variable  amplitude  and  there  is  little  theta  present.  At  a  speed  of 
1  cm/sec,  theta  activity  increases  but  there  is  no  significant  amplitude  change.  As 


RAT  195 
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cm  /sec 
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200»*VL  SOOMV|_ 
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Figure  3.  Examples  of  cortical  and  hippocampal  EEG  tracings  taken 
at  identical  time  periods  under  the  indicated  conditions. 
See  text  for  details. 
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the  treadmill  speed  increases  to  8  cm/sec,  the  amplitude  increases  and  there  is 
greater  synchronization  of  the  wave  forms  at  the  theta  frequencies.  Both  synchroniza¬ 
tion  and  amplitude  steadily  increase  to  reach  their  maximum  at  22  cm /sec  treadmill 
speed.  In  contrast,  the  cortical  tracing  shows  only  a  slight  amplitude  increase  at  15 
and  22  cm,/ sec  and  there  is  no  noticeable  synchronization  at  theta  frequencies  at  any 
speed. 

The  cortical  and  hippocampal  recordings  shown  in  Figure  3  were  filtered  through 
narrow  windows  of  a  Krohn-Hite  band-pass  filter.  The  output  of  the  filter  varies  as  a 
function  of  the  EEG  voltage  between  the  given  frequency  settings.  The  filtered  EEG 
signals  of  rats  running  at  different  treadmill  speeds  were  then  fed  into  a  voltage  sen¬ 
sor  (Schmitt  trigger).  Pulses  from  the  trigger  actuated  a  relay  in  a  cumulative 
recorder  which  provided  a  graphic  record  of  changes  in  output  of  the  filter  set  at  fre¬ 
quency  bands  within  (6-8  Hz)  and  outside  (10-12  Hz)  the  theta  band.  The  results  of  this 
analysis  are  shown  in  Figure  4A  and  B.  The  conditions  B1  and  B2  refer  to  base-line 
conditions  where  the  animal  was  sitting  quietly.  In  the  "motor"  condition  the  motor 
was  turned  on,  but  the  treadmill  was  disengaged  to  control  for  possible  electrical 
artifacts.  In  Figure  4A,  the  results  of  the  analysis  of  the  hippocampal  EEG  are  pre¬ 
sented.  A  comparison  is  made  of  changes  in  the  6-  to  8-Hz  band  (theta)  and  the  10-  to 
12-Hz  band  (nontheta)  as  a  function  of  different  experimental  conditions.  It  is  quite 
clear  that  there  is  a  greater  change  of  activity  in  the  6-  to  8-Hz  band  than  in  the  10- 
to  12-Hz  band  when  the  rat  is  forced  to  run  on  the  treadmill.  Furthermore,  the  rate 
of  change  is  proportional  to  the  speed  the  animal  is  forced  to  maintain.  This  clear- 
cut  relationship  is  not  seen  in  the  analysis  of  the  cortical  tracings,  Figure  4B,  where 


5 


no  consistent  changes  are  present  in  either  frequency  band  as  a  function  of  running 


speed. 


Figure  4. 

A.  Cumulative  recorder 
plots  of  the  Schmitt  trigger 
output  of  the  hippocampal 
EEG  of  Figure  3  filtered  at 
6-  to  8-Hz  and  10-  to  12-Hz 
bands.  B.  Same  treatment 
of  the  cortical  tracings  of 
Figure  3.  See  text  for 
details. 


The  systematic  change  shown  in  the  theta  component  of  the  hippocampal  tracing 
was  seen  in  every  animal.  However,  no  consistent  frequency  change  was  found  in  the 
cortex.  At  the  highest  speeds,  there  was  an  increase  in  signal  amplitude  but  this  was 
not  specific  to  either  frequency  band. 
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While  there  was  a  very  good  correlation  of  the  induction  of  theta  with  the  onset 


of  movement,  hippocampal  theta  did  not  stop  immediately  with  cessation  of  movement 
(Figure  5).  Occasionally,  cortical  tracings  which  look  identical  to  hippocampal  theta 
were  recorded.  Some  investigators^  explained  these  recordings  on  the  basis  of  vol¬ 
ume  conduction  from  hippocampus.  Recordings  from  animal  #181,  Figure  5,  have  a 
direct  bearing  on  this  question.  At  the  top  of  the  figure  are  tracings  A,  obtained  while 
the  rat  is  running  at  a  very  fast  speed.  The  middle  tracings  B  were  taken  immediately 
after  cessation  of  running,  and  the  lower  tracings  C,  6  minutes  after  the  running  ended. 
Note  the  differences  in  synchrony  and  amplitude  of  the  hippocampal  tracings.  Theta 
waves  are  most  prominent  in  A,  and  only  sporadically  present  in  C.  In  contrast,  theta 
waves  are  continuously  present  in  the  cortex,  and  in  C  where  they  are  less  evident  in 
the  hippocampus.  This  means  that  independent  sources  for  the  generation  of  theta 
waves  are  present  at  these  loci. 


Figure  5.  Cortical  and  hippocampal  EEG  tracings  of  a  rat  running  on  the  treadmill 
at  18  cm/sec  (A);  immediately  after  the  cessation  of  running  (B);  and 
6  minutes  after  the  running  ended  (C). 
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IV.  DISCUSSION 


By  demonstrating  a  relationship  between  bodily  activity  and  generation  of  hippo¬ 
campal  theta  activity,  these  data  clearly  support  our  previous  findings^  and  those  of 
Vanderwolf  and  Heron,12  Vanderwolf,10’ 11  Whishaw,13  and  Whishaw  and  Vanderwolf.14 
Furthermore,  these  results  extend  the  previous  findings  by  showing  a  nearly  linear 
relationship  between  amount  of  hippocampal  theta  activity  and  speed  of  movement. 

The  results  of  this  study  showing  that  hippocampal  theta  waves  persist  for  some 

2 

time  after  the  cessation  of  running  and  the  findings  of  Black  et  al.  indicate  that 
increased  muscle  tone  is  not  a  necessary  condition  for  the  occurrence  of  hippocampal 
theta  waves. 

Q 

Komisaruk  has  shown  a  correlation  between  hippocampal  theta  and  rhythmic 
movements  of  the  vibrissae  in  the  rat.  It  is  possible  that  while  our  rats  were  sitting 
quietly  after  a  running  session  they  were  breathing  rapidly,  which  may  explain  the 
persistence  of  hippocampal  theta.  Gray^  has  been  able  to  dissociate  such  rhythmic 
vibrissal  movements  from  hippocampal  theta  activity  by  means  of  medial  septal 
nucleus  lesions,  and  hence  this  explanation  is  questionable.  As  indicated  in  Figure  5, 
it  is  possible  to  dissociate  cortical  theta  waves  from  hippocampal  theta  waves  indicat¬ 
ing  that  the  hippocampus  is  not  necessarily  the  source  of  the  invasive  hippocampal 

15 

theta  waves  to  the  cortex  described  by  Yamaguchi  et  al. 

The  behavioral  procedure  used  to  induce  hippocampal  theta  waves  in  the  rat 
provides  a  very  simple  and  reliable  method  to  study  the  anatomical  origin  and  neuro¬ 
chemical  basis  of  the  hippocampal  theta  waves.  Future  work  will  assess  the  effects 
of  various  pharmacological  agents  on  behaviorally  induced  theta  waves.  In  addition, 
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anatomical  studies  involving  the  destruction  of  afferent  pathways  to  the  hippocampus 
may  provide  more  information  on  the  generators  of  the  theta  rhythm. 


9 


REFERENCES 


1.  Bennett,  T.  L.  and  Gottfried,  J.  Hippocampal  theta  activity  and  response  inhi¬ 

bition.  Electroenceph.  Clin.  Neurophysiol.  29:196-200,  1970. 

2.  Black,  A.  H. ,  Young,  G.  A.  and  Batenchuk,  C.  Avoidance  training  of  hippo¬ 

campal  theta  waves  in  Flaxedilized  dogs  and  its  relation  to  skeletal  movement. 
J.  Comp.  Physiol.  Psychol.  70:15-24,  1970. 

3.  Dalton,  A.  and  Black,  A.  H.  Hippocampal  electrical  activity  during  the  operant 

conditioning  of  movement  and  refraining  from  movement*.  Commun.  Behav. 
Biol.  ,  Part  A,  2:267-273,  1968. 

4.  Elazar,  Z.  and  Adey,  W.  R.  Spectral  analysis  of  low  frequency  components  in 

the  electrical  activity  of  the  hippocampus  during  learning.  Electroenceph. 

Clin.  Neurophysiol.  23:225-240,  1967. 

5.  Grastyan,  E. ,  Lissak,  K. ,  Madarasz,  I.  and  Donhoffer,  H.  Hippocampal  elec¬ 

trical  activity  during  the  development  of  conditioned  reflexes.  Electroenceph. 
Clin.  Neurophysiol.  11:409-430,  1959. 

6.  Gray,  J.  A.  Medial  septal  lesions,  hippocampal  theta  rhythm  and  the  control  of 

vibrissal  movement  in  the  freely  moving  rat.  Electroenceph.  Clin.  Neuro¬ 
physiol.  30:189-197,  1971. 

7.  Klemm,  W.  R.  Correlation  of  hippocampal  theta  rhythm,  muscle  activity  and 

brain  stem  reticular  formation  activity.  Commun.  Behav.  Biol.  5:147-151, 

1970. 

8.  Komisaruk,  B.  R.  Synchrony  between  limbic  system  theta  activity  and  rhythmi¬ 

cal  behavior  in  rats.  J.  Comp.  Physiol.  Psychol.  70:482-492,  1970. 

9.  Teitelbaum,  H.  and  McFarland,  W.  L.  Power  spectral  shifts  in  hippocampal  EEG 

associated  with  conditioned  locomotion  in  the  rat.  Physiol.  Behav.  7:545-549, 

1971. 

10.  Vanderwolf,  C.  H.  Hippocampal  electrical  activity  and  voluntary  movement  in 

the  rat.  Electroenceph.  Clin.  Neurophysiol.  26:407-418,  1969. 

11.  Vanderwolf,  C.  H.  Limbic-diencephalic  mechanisms  of  voluntary  movement. 

Psychol.  Rev.  78:83-113,  1971. 

12.  Vanderwolf,  C.  H.  and  Heron,  W.  Electroencephalographic  waves  with  voluntary 

movement.  Arch.  Neurol.  11:379-384,  1964. 


10 


13.  Whishaw,  I.  Q.  Hippocampal  electroencephalographic  activity  in  the  mongolian 

gerbil  during  natural  behaviours  and  wheel  running  and  in  the  rat  during  wheel 
running  and  conditioned  immobility.  Can.  J.  Psychol.  26:219-239,  1972. 

14.  Whishaw,  I.  Q.  and  Vanderwolf,  C.  H.  Hippocampal  EEG  and  behavior:  changes 

in  amplitude  and  frequency  of  RSA  (theta  rhythm)  associated  with  spontaneous 
and  learned  movement  patterns  in  rats  and  cats.  Behav.  Biol.  8:461-484, 

1973. 

15.  Yamaguchi,  Y. ,  Yoshii,  N. ,  Miyamoto,  K.  and  Itoigawa,  N.  A  study  on  the  in¬ 

vasive  hippocampal  0-waves  to  the  cortex.  Progr.  Brain  Res.  27:281-292, 
1967. 


11 


UNCLASSIFIED 

Security  Classification 


DOCUMENT  CONTROL  DATA  -  R  &  D 


( Security  classification  of  title,  body  of  abstract  and  indexing  annotation  must  be  entered  when  the  overall  report  is  classified ) 

1  ORIGINATING  ACTIVITY  (Corporate  author) 

2a.  REPORT  SECU  RITY  CLASSIFICATION 

Armed  Forces  Radiobiology  Research  Institute 

UNCLASSIFIED 

Defense  Nuclear  Agency 

2b.  GROUP 

Bethesda.  Maryland  20014 

N/A 

3.  REPORT  TITLE 

RELATIONSHIP  BETWEEN  HIPPOCAMPAL  THETA  ACTIVITY 

AND  RUNNING  SPEED  IN  THE 

RAT 

4-  OESCRIPTIVE  NOTES  (Type  of  report  and  inclusive  dates) 

5.  AUTHOR(S)  (First  name,  middle  initial,  last  name) 


W.  L.  McFarland,  H.  Teitelbaum  and  E.  K.  Hedges 


6  REPORT  OATE 

7a.  TOTAL  NO.  OF  PAGES 

7b.  NO.  OF  REFS 

April  1974 

14 

15 

8a.  CONTRACT  OR  GRANT  NO. 

9a.  ORIGINATOR'S  REPORT  NUMBER(S) 

6.  project  no  NWED  QAXM 

AFRRI  SR74-6 

c.  Task  and  Subtask  A  905 

9b.  other  REPORT  NO(S)  (Any  other  numbers  that  may  be  assigned 
this  report) 

d.  Work  Unit  05 

10  DISTRIBUTION  STATEMENT 


Approved  for  public  release;  distribution  unlimited 


11.  SUPPLEMENTARY  NOTES 

12  SPONSORING  MILITARY  ACTIVITY 

Director 

Defense  Nuclear  Agency 

13.  ABSTRACT 

Washington,  D.  C.  20305 

To  test  the  hypothesis  that  hippocampal  theta  activity  is  related  to  movement, 
chronic  EEG  recording  electrodes  were  implanted  in  the  dorsal  hippocampus  and 
cortex  of  six  rats.  The  rats  were  then  forced  to  run  at  varying  speeds  on  a  tread¬ 
mill  while  their  brain  bioelectric  activity  was  being  recorded.  A  close  relationship 
appeared  between  amount  and  amplitude  of  hippocampal  theta  activity  and  speed  of 
running.  No  such  relationship  was  evident  in  cortical  activity.  Frequency  analysis 
by  means  of  a  Schmitt  trigger  and  electronic  filter  also  demonstrated  the  develop¬ 
ment  of  6-  to  8-Hz  (theta)  activity  in  the  hippocampus  with  running  but  no  corre¬ 
sponding  enhancement  of  10-  to  12-Hz  (nontheta)  activity. 


DD 


FORM 

1  NOV  65 


1473 


UNCLASSIFIED 

Security  Classification 


